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Government or any agency thereof: The uiews and opinions of authors expressed herein 
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thereof. 



TM# 1654 
CAT. 6013.000 

08/l 9193 

L. Beverly 
R. Hance 

A. Kristalinski 
A. Visser 

Comments about the use of a Zig-Zag transformer to reduce the neutral 
current created by unbalanced nonlinear loads. 

INTRODUCTION 

The subject of AC line currents with high harmonic content and the potential for 
overloaded neutral wires caused by the non-linear loading of electronic power 
supplies has become one of the most popular and at the same time a very 
complex topic among electrical engineers. Different solutions are offered for this 
problem. Some examples are specially desi ned K-rated AC distribution 
transformers’, delta connected primary windings , and L-C tuned filters34. All 9 

of the above methods have some limitations. For instance, a K-rated transformer 
does not eliminate harmonics, but transmits them into the feeder. Neutral 
currents that flow from various loads to the K-rated transformer are still very 
high. These K-rated transformers are more expensive and are larger in physical 
size than conventional transformers. The delta connected primary of a power 
distribution transformer can only eliminate triplen harmonics for balanced loads. 
Neutral currents caused by the loads are not eliminated. The primary side circuit 
breaker may also not protect a transformer against overcurrents because the 
circuit breaker will not see the triplen harmonic current that is circulating in the 
primary of the transformer5. L-C filters can create undesirable resonances, 
which will lead to an increase in harmonic currents. 

Another solution6 is to use a number of small Zig-Zag transformers to 
reduce the neutral current. This is attractive for the following reasons: relatively 
low cost, simplicity, ease of installation on existing distribution systems, ability to 
keep neutral currents local thus eliminating the need for larger neutral wires, 
and the ability to improve the fundamental load current balance as well. 

FIELD TEST 1 

A site plagued by harmonics, which required investigation, was the 208 V, 3 
phase, 60 Hz AC distribution for the second floor of the DO movable counting 
house. The counting house has many 5 Vdc and 15 Vdc switch mode power 
supplies connected to the 120 Vat line. The symptoms were as follows: the 150 
KVA (480-208Y/120 V) distribution transformer located on top of the counting 
house ran very hot. The conduit that contained the transformer secondary wires 
was also hot. In order to find the cause, we measured phase and neutral 
currents at the two Panelboards fed by the transformer. The currents were 
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measured with a BMI PowerScope (the BMI PowerScope plots the current 
waveforms, analyzes the waveform for harmonic content and charts the 
spectrum analysis of the first 33 harmonics). 

The neutral current value was 215 A RMS with 554.3% of total harmonic 
distortion (THD). The phase current was about 140 A RMS with a THD of about 
70%. All three phase currents were balanced within 20%. The prevailing 
harmonic was the third harmonic. As a matter of fact, the neutral carried an 
almost pure third harmonic current (see Fig. 1 and 2). In order to investigate the 
source of the distortion further we measured the rack currents. Rack M215 was 
found to be one of the most heavily loaded racks with a neutral current of 32.5 A 
RMS and a THD of 261%. The phase currents ranged from 24.3 A (phase A) to 
22.9 A (phase B) to 10.9A (phase C ). The THD of the phase current varied from 
69.6% to 82.1% (see Fig. 5 - 8). The rack load was made up mostly of 4 - 
1OOOW and 1 - 500 W switch mode power supplies. This arrangement of 
supplies per rack made it impossible to balance the load on each branch circuit. 

A properly applied Zig-Zag transformer keeps the neutral current local, 
eliminates triplen harmonics (zero-sequence currents) from the phase currents 
and improves the overall current balance. We calculated that a Zig-Zag 
transformer current rating of 15 A per phase would be enough for a typical rack 
at DO, with the assumption that we would place the transformer as close as 
possible to the rack. Two transformers were delivered by IPR Systems Inc. in 
accordance with specification #2262-ES-173136, Rev. 1 shown on Fig. 3. The 
transformers made by IPR have an E-shaped laminated core and conventional 
cylindrical coils. The transformer short circuit impedance was not specified 

The first transformer was installed in the branch circuit that fed rack M215 
(see Fig. 4). Measurements showed a significant reduction of harmonic current 
in the branch circuit. The neutral current dropped almost a factor of 3, the RMS 
current in phase A dropped from 24.3A to 20.0 A, the THD in phase A dropped 
from 69.6% to 42.9%, and the third harmonic content dropped from 60.0% to 
13.5% (see Fig. 5 - 8). Note, that the load currents are the same with or without 
Zig-Zag transformer. 

Later on the transformer was connected to rack M216. The 
measurements taken at that point showed unexpectedly poor performance of the 
Zig-Zag transformer despite the fact that rack M216 presented a much smaller 
load. The neutral RMS current reduction was very small. The current dropped 
from 22.2 A to 19.8 A, and the THD changed from 280.9% to 266.3%. The third 
harmonic content changed from 270.7% to 252.7%. Note that the third harmonic 
current phase shift with respect to the fundamental changed from 3270 to 
220o.,The current wave shape also changed significantly (Fig. 9). The phase 
currents showed similar behavior (Fig. 10 - 12). The currents in the transformer 
legs were much larger than would be expected from the third harmonic current 
reduction (Fig. 13). 

LABORATORY TEST 

At that time we could not explain the different behavior of the Zig-Zag 
transformer at rack M215 compared to rack M216 and decided to set up a test to 
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find the answer. Our test arrangement included the Zig-Zag transformer and a 
few switch mode power supplies connected to resistive loads. The test set up 
was made in building NS3, where the AC line is not disturbed by other nonlinear 
loads. First we checked whether the transformer was wired correctly. We 
measured the no-load current, swapped the loads between the different phases, 
but did not find anything wrong. Finally we came to the conclusion that all our 
troubles were caused by the relatively high Zig-Zag transformer impedance 
compared to the AC source impedance at DO. According to our measurements 
and the manufacturer’s data, the Zig-Zag transformer’s resistance is about 0.12 
Ohm per winding or 0.24 Ohm per phase. We performed a shorted secondary 
test on the Zig-Zag transformer which gave us a transformer impedance of 
Z=O.3 Ohm. From this we calculated the transformer reactance for 60 Hz X60 = 
0.186 Ohm. Thus, the third harmonic current (180 Hz) reactance of the 
transformer is X180 =3.X60 = 0.558 Ohm and the transformer impedance for 
the third harmonic is 2180 = 0.61 Ohm. Then, we disconnected the neutral wire 
between the neutral point of the transformer and the AC line and measured 
sinusoidal 180 Hz voltage with 11 V peak to peak value between the transformer 
neutral and ground. This gave us an RMS voltage of 3.9 V applied to each 
transformer leg. At the same time the load neutral current RMS was 18 A. From 
this information we calculated a combined phase impedance of Zig-Zag 
transformer and the AC line of 0.65 Ohm and the AC line impedance of 0.04 
Ohm. Fig. 14 shows the equivalent schematic for the third harmonic currents 
with the nonlinear load represented as the third harmonic voltage source. To 
calculate the value of the neutral wire impedance we measured the voltage 
between the transformer neutral point and the ground with the neutral wire in 
place. The voltage was 1 .l V peak to peak. The neutral current RMS was 11.5A. 
Similar to what we did above, we calculated a source neutral impedance value of 
0.1 Ohm. From this it became apparent, that we should increase the impedance 
of the source neutral to make it harder for the neutral current to return via the 
distribution transformer. In order to do so, we installed a choke in the neutral 
between the AC source and the Zig-Zag transformer thus increasing the AC line 
impedance for the neutral current. The increased neutral impedance does not 
affect the phase impedances because the Zig-Zag transformer provides 
alternate phase current paths with relatively low impedance. For instance instead 
of the current path: phase A - load - Neutral; the Zig-Zag transformer creates a 
path via Phase A - load - phases B and C. The neutral impedance of the AC 
distribution system for third harmonic currents should be increased so that it is 
about an order of magnitude larger than the Zig-Zag transformer impedance. 
This will force most of the third harmonic currents to flow through the Zig-Zag 
transformer. Merely disconnecting the source neutral is not acceptable for safety 
reasons. A choke with an inductance value of 1 mH, which we had on hand, 
gives an impedance of 1.13 Ohm for the third harmonic and was used for 
testing. A design of a small 1 mH choke is described in Appendix 1. 
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FIELD TEST 2 

The combination of the Zig-Zag transformer and the 1 mH choke in the neutral 
produced much better results for both electronic racks, described above. The 
neutral current dropped more than a factor of six, the third harmonic current was 
almost eliminated from the phase currents, and the overall current balance was 
improved significantly (see Fig. 15 - 18). The harmonics reduction caused by the 
Zig-Zag transformer combined with the 1 mH choke was very close for both 
racks. 

To find an answer for the previously described unexpected behavior of 
rack M216, we disconnected the choke and the rack itself from the transformer 
and measured the unloaded transformer current. The result, shown on Fig. 13, 
explains the mystery. In the previous test at NS3 the unloaded transformer 
current was about 0.4 A. The same test in the vicinity of rack M216 showed an 
unloaded Zig-Zag transformer current of 10.8A. That means that the Zig-Zag 
transformer provides a relatively low impedance pass for the zero-sequence 
currents caused by nonlinear loads connected to other branch circuits of the 
distribution system. Once we understood this we took a second look at M216 
rack with the Zig-Zag transformer. As mentioned before, the third harmonic 
current in the AC line neutral had 1100 phase shift with respect to the load 
neutral third harmonic current. This is caused by the combination of the third 
harmonic current from rack M216 and other third harmonic currents, attracted 
from other loads. Adding a choke in the neutral, i.e. introducing a larger 
impedance for the neutral currents, eliminated the contribution from other loads 
to a large degree. The choke reduced the transformer no load current at rack 
M216 from 10.8 A to 1.7A. 

CONCLUSION 

A Zig-Zag autotransformer in combination with a choke in the neutral and 
installed close to the load can successfully correct overload problems caused by 
nonlinear loads, especially in existing installations. The cost of a Zig-Zag 
transformer with a choke seems to be lower than other retrofits such as the 
installation of the K-rated transformers, oversized transformers, or tuned L-C 
filters. 
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Revise& March 8.1993 

Specification #2262-ES-173136, Rev. 1 

Three Phase Zig-Zag Transformer for 
Non-linear Loads 

y;Tdr 
A. Ih&talinski 

The transformer will be used to absorb the harmonic currents caused by non-linear loads, 
connected to a three phase 60 Hz a.c. distribution system For reference refer to: Power Quality 
Magazine, September/October 1991, page 33. 

The transformer shall be rated for service as follows: 

2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.1 

Input source 3 phase, 208 V, 60 Hz, 30 A 
kVA 5.5 
Neutral current 46 Amp, 180 Hz 
Case (enclosure) temperature rise. - 3ooC 
Ambient 3ooC. sea level 
Winding temperature class 18oOC minimtma 
Three pole input circuit 
breaker at enclosure 15A. 300 VAC. 5,000 AJC 

The transformer shall be constmcted as follows: 

t: 
3:3 
3.4 

3.5 
3.6 

Enclosure 
Enclosure sire 
Winding 
Terminal block enclosed 

Nameplate 
Mounting brackets 

NEMA 1, metal painted 
-12’W. -12”D. 12” H maximum 
copper, 3 phase, zig-zag 
Input: 4 wires AWG #lO 
Output: 4 wires AWG #lO 
Ground: 2 wires AWG #lO 
Manufacturer, ratings, weight 
Jnstall floor mounting brackets 

Bids shall be supplied with a preliminary outline sketch and delivery schedule. 

Fig. 3. zig-ag transformer specification. 
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’ lineg 

Each phase is represented as combination of three impedances: Zig-Zag transformer (Z,,), 
line (Zline) and distribution transformer (Zt,). The load is represented by three third harmonic 
voltage sources (E180). Third harmonic voltages in all phases are in phase and we can substitute 
three voltage sources by the single source and derive the schematic below: 

2 neutral 

’ tr 

i!l33 

z’z2 E’ 180 

z’ line 

Because all three phases are symmetrical: Z’tr = Ztr / 3; Z’,, = Z,, /3; Z’line = Zline / 3; 
E’l@, = Et80 13. 

Fig. 14. Equivalent schematic of the distribution system, load and Zig-Zag 
transformer for the third harmonic current. 
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TM 1854 

APPENDIX # 1. 

Calculation of choke oarameters. 

Design goal parameters. 

Inductance - 1 mH 
Maximum working RMS current - 7 A 
Winding rating - 46 A RMS 
Prevailing frequency - 180 Hz 

The choke core has to be unsaturated during normal operation mode, but is 
allowed to saturate under the worst case conditions. The worst case conditions 
occur when the circuit breaker protecting the Zig-Zag transformer trips off. 

Core selection. 

To select a core we can start with calculating the inductance for a core with a 
cross section area of 1 in2. From an Arnold Engineering catalog we can choose 
two tape wound cut cores: AH-21 made out of 4 mill Silectron and AA-36 made 
out of 12 mill Silectron. 

Core oarameters 

Core type 
Area cross section, in2 (cm2) 

Tape thickness, mill 
Stack factor 

,AII-J-..~~~~._111- r .~ I , 

Weight, lb. 
srrlp width D, in (cm) 

AH-21 AA-36 
1.031 ( 6.65 ) 1.13 ( 7.29 ) 

4 12 
0.9 0.95 

0.75 (1.9 ) 0.75 ( 1.9 ) 
2.312 ( 5.873 ) 2.312 ( 5.873 ) 

0.75 ( 1.9 ) 0.75 ( 1.9 ) 
2.13 2.45 

1.375 (3.49) 1.5 (3.81) 

1. AH-21 CORE 

Choke calculations. 

The B-H curve for a 4 mill Siiectron tape wound core shows a maximum 
induction of 16 kGauss to 18 kGauss for uncut cores. 12 kGauss is a safe choice 
for the working magnetic field induction value. As one can see from Arnold data 
12 kGauss induction requires a magnetizing force H of approximately 1 Oersted 
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or 80 Aturn/m. The mean magnetic path length /f can be calculated as: 

F = 2.F + 2.G + 2.9.E = 21 .l [cm] = 0.211 [m] 

We now can calculate the maximum permissible amount of A.turns timax for 
this core: 

H’ max = Hc?= 80.0.211 = 16.88 [ Aturns ] 

Next we will calculate the required amount of turns N necessary to yield an 
inductance value L of 1 mH at 12 kGauss: 

L.I L.I L.I 
N=-=-=-= 9.87.10-’ 

0 B&J B.S.kn 1.2.0.9.6.65.10-4 
= 13.74, 

where Seff= kSr. S is an effective area cross section, 
kSr is a stack factor and 
I = fBMB.fi is the peak value of the working current. 
Because the number of iurns has to be integer we choose N = 14. This gives us 
the amount of Aturns H equal to: 

H’= /.N = 9.87.14 = 138.18 [ Aturns] 

It is obvious that without an air gap the core will be in deep saturation because 
H is much greater than maximum permissible H’,,, The required air gap can 
be calculated from the assumption that all the difference between H’and H*,,,,, 
is applied to the air gap. 

* f 
H a;r = H - H*max = 121.3 [ Aturns ] 

Magnetic field induction in the air 13 air is equal to the induction in the core: 

B,, = f.r,,.H., = “‘zzi’ = 1.2 [ Tesla 1, 

where A is the air gap length. From this we can calculate A: 

A= &.H;ir 4.x.121.3.10-’ 
B., = 1.2 = 

1.3.10e4 [m] = 0.13 [mm]. 

That means we have to put one 0.065 mm shim at each core cut. 
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Core losses. 

The biggest core losses occur during the worst case scenario at the maximum 
choke current of 46 ARMS. The instantaneous current ! is equal to: 

I= l~~s.&?=65[A]. 

The Aturns H’, produced by this current are equal to: 

H*=I.N=65.14=910[Aturns] 

and they will be distributed between core material and air gap according to the 
ratio M between calculated above H*,,,,, and H*gr : 

M = H+ 121.3 - = - = 7.2, from which 
H&U 16.88 

H’,,, = H*/( M + 1 ) = HT8.2 = 91 O/8.2 = 110 [ A.turns ] 

Now we can calculate the magnetizing force H caused by the worst case current 
in the core material: 

H = H*,a&? = 11 O/O.21 1 = 521 [ Aturn/m ] = 6.5 [ Oersted 1. 

From B-H curve we can find the magnetic field inductance value B, = 16 Tesla 
at 6.5 Oersted. This magnetic field will create 3.5 W of losses per pound of the 
core material at 180 Hz. The total losses in the core are equal to 7.5 W or 0.5 W 
per in2. The estimated core temperature rise is about 500C. 

2. AA-36 CORE 

The same calculations made for AA-36 core released following results: 

N= 12 

A=O.l14mm 

W = 14.21 W 

AA-36 core causes about 15 W worst case losses , which is about 0.9 W per in2 
and corresponding core temperature rise is about 9OoC, compared to 500C for 
core AH-21, which is not acceptible. AH-21 is the only choice. 
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Winding choice. 

The coil winding which has to be rated for 46 ARMS and can be made from 
AWG # 8 building wire, 600 V, 9OoC. 


